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I. SUMMARY 

This report contains a summary of accomplishTents during 
the first twelve months of an eighteen-month research prcgrarn 
to develop methods, tooling concepts, and processes to control 
the tine-temperature characteristics in the weld and heat 
affected zcne, in order to improve tensile properties and 
reduce porosity in aluminum weldnlents. 

The basic concept for accomplishnent of these objectives 
is to alter the thermal pattern in the weldqent durin3 the 
welding process by spraying t i  cryogenic liquid in the vicinity 
of the weld puddle a s  it progresses along the weld seam. The 
location and size of the jet sprays, as well a s  the tctal heat 
capacity of the selected cryogenic liquid, must be adjusted to 
extract sufficient heat from the weldment to produce a heat 
balance which will simultaneously effect the required weld 
penetration and increase the waling rate cf the weld metal 
and heat affected zone; and, in addition, cause more nearly 
unidirectional solidification of the weld metal. With the 
optimum coolins rate, the tensile properties will be increased 
due tc the fact that: (1) the heat affected zone will be nar- 
rowed, mechanically improving the yield strength; ( 2 )  the amount 
of coalescence of intermetallic strengtheners will be reduced, 
increasing both the yield and ultimate strength; and ( 3 )  t h e  
grain size will be reduced, increasing both yield and ultimate 
by eliminating this scurce of planes of weakness. Fast cool- 
ing can a l s o  reduce gross pcrosit:; by impeding agglomeration 
and absorption of hydrogen and o t l i e r  contaminant gases. 
Unidirectional solidification results in lower porosity ( as 
exemplified by the chill casting of aluminurn ingots from the 
bottom) by allowing entrapped gases to escape from the molten 
surface. All o f  these factors which affect tensile strength 
and incidence of porosity are tine-temperature dependent and 
close control is necessary to accomplish the optimum balance. 

The wcrk accoqplished tc date has established the soundness 
ef the concept. Experinental wcrk performed thus far has dmon- 
strated in a prelininary manner that application of the cryo- 
5 Oenic chilling concept to TIC,  welding (DCSP) of 5 /16"  and 1 / 2 "  



p l a t e s  o f  2014-T6 and 2219-T87 i n  t h e  h o r i z o n t a l  p c s i t i o n  h a s  
i n c r e a s e d  t h e  t e n s i l e  s t r e n g t h  o f  t h e  welds  up t o  14% and re- 
duced g r o s s  p o r o s i t y  more than  h a l f  o v e r  welds  made i n  t h e  
same m a t e r i a l s  w i t h o u t  c r y o g e n i c  c h i l l i n g .  

There i s  l i t t l e  doubt  t h a t  t h e  improvement can  be i n c r e a s e d  
s u b s t a n t i a l l y  by e s t a b l i s h i n g  optimum t h e r m a l  p a t t e r n s  t h r o u g h  
r e f i n e m e n t  of  c u r r e n t  t e c h n i q u e s  f o r  a p p l y i n g  t h e  ccncep t  and 
by c l o s e r  c o n t r o l  and m o n i t o r i n g  of  a l l  v a r i a b l e s .  

A t  t h e  p r e s e n t  t i m e ,  work i s  b e i n g  d i r e c t e d  toward m o d i f i -  
c a t i o n  o f  equipment  and i n s t r u m e n t a t i o n  f o r  t h e  r e q u i r e d  c o n t r o l  
and toward v a r i a t i o n  of h e a t  i n p u t  and e x t r a c t i o n  t e c h n i q u e s  t c  
e s t  a b l  i sh optimum t i m e -  t empera t u r e  r e l a t  i o n s  h i  p s  , 

I t  is expected t ha t  w i t h  a d e q u a t e  s u p p o r t  d u r i n g  t h e  n e x t  
s i x  months, s u f f i c i e n t  e x p e r i m e n t a l  wcirk can  be completed t o  
e s t a b l i s h  a set of  optimum p a r a m e t e r s  f o r  p roduc ing  t h e r a a l  
p a t t e r n s  f o r  wefdments o f  each  p l a t e  mater ia l  which w i l l  con- 
c l u s i v e l y  d e a o n s t r a t e  t h e  a b i l i t y  o f  t h e  c o n c e p t  t o  e f f e c t  
s u f f i c i e n t  i n c r e a s e s  i n  t e n s i l e  s t r e n g t h  and r e d u c t i o n  of p o r -  
o s i t y  t o  w a r r a n t  i t s  u s e  as a f a b r i c a t i o n  t e c h n i q u e  f o r  aluminum 
components of high performance a e r o s p a c e  v e h i c l e s .  The pre-. 
l i m i n a r y  work on heat  i n p u t  and h e a t  e x t r a c t i o n  w i l l  be r e f i n e d  
by a d j u s t i n g  p e r t i n e n t  f a c t o r s  such as weld ing  c u r r e n t  and 
w e l d i n g  speed;  l o c a t i o n ,  s i ze  and number o f  c r y o g e n i c  l i q u i d  
j e t s .  A p p l i c a t i o n  of c o n t r o l  methods such  as t h e  use of i n f r a -  
r e d  r a d i o m e t e r s  t o  m o n i t o r  t he rma l  p a t t e r n s ,  and c h i l l i n g  from 
t h e  f r o n t  s i d e  of t h e  weldrnent are  c c n t e m p l a t e d .  
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11. PRC GRAM 0 R J  EC TI VES 

The objective of this program is to develop methods, t o o l -  
ing concepts, and processes t c  control the tiae-temperature 
characteristics in the weld and heat affected zone, in order 
to improve tensile properties and reduce porosity in aluminum 
weldments. 

The need for this wcrk has been brought a b o u t  by the in- 
creasing requirement for higher strength-weight ratio and for 
greater reliability of weldments in aerospace vehicles, in 
particular the aluminum components f o r  the Saturn V. These 
weldments have had a high incidence of porosity. Improved 
joint efficiencies are, of course, extremely desirable to 
meet the stringent design requirements. 

A secondary.objective of this program is to advance t h e  
state-of-the-art by developing control methods which will aid 
the welder in consistently pyoducing better welds in all 
materials. 
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111, mCHhTICAL APPRCACH 

A .  Genera 

Shortening the time-temperature cycle through the critical 
ranges (solidification and overaging) improves the properties 
of aluminum alloys in general and copper bearing aluminum alloys 
in particular, and can be extended to apply to weldments in this 
material. The concept employed in this program for accomplish- 
ing the shortened cycle consists of impingement of a cryogenic 
liquid on the weldrnent during welding, and balancing %eat input 
and heat extraction to produce thermal patterns which will 
result in improved weld properties. 

B. Effect of Inere& Quen c R  h ate, 

The copper bearing heat treatable aluminum alloys are 
strengthened by controlled precipitation of intermetallic ccm- 
pounds from the solid solution by aging. These precipitates 
nust be finely divided and uniformly dispersed in order to 
accomplish strengthening. This condition is attained by a 
sensitive tine-temperature relationship. Unless the proper 
relationship is maintained throughout all stages cf fabrication, 
a soft aatrix and/cjr brittle planes of weakness will result. 
Welding produces an adverse time-temperature history in that 
the high temperatures can produce coalescence of grain refining 
and strengthening elements; and, slow cooling produces over- 
aging. Slow cooling near the melting point also produces 
excessively large grain growth which can result in additional 
l o s s  of strength by forming planes of weakness. 

Also, unless conditions are such that gases can escape 
through the aolten liquid, s low cooling through the aelting 
range can result in gross porosity (usually lineal), while 
fast ccoling may produce fine scattered porosity which may 
not be detrimental. 



C. Effect o f Unmrre ctional S o l U i  cation 

It has long been the practice in aluminum casting to reduce 
gross porosity by effecting chilling in such a manner that the 
casting solidified fron the bottom up and as nearly unidirec- 
tionally as p o s s i b l e .  

Application of this practice to welding should also result 
in reduced porosity in aluminum weldments. It is, therefore, 
expected that proper application of chilling by means of cryo- 
genic liquids, with or without the use of auxiliary heat 
sources, will reduce porosity in aluminum weldments. 

D. Ai11 C Bars vs c r v a u c  Spray - Chilling 

The use of chill bars is standard practice to achieve quen- 
ching during welding. While this method is perhaps adequate 
for welds in non-critical structure, it has three distinct dis- 
advantages: (1) non-uniform contact between the chill bars and 
the work piece can cause erratic chilling with resultant hot 
and cold spots along the length of the weld; ( 2 )  the degree of 
chilling is not easily adjustable to the variety of materials, 
thicknesses, configurations, etc; and ( 3 )  "hard" tooling cannot 
always be  used. 

Sorne efforts to control weld chilling by selection of 
special chill bar materials, such a s  titanium, and insulator 
t y p e  materials, have indicated some promise in overcoming 
erratic chF1ling but are subject to the other limitations and 
produce only a limited degree of heat extraction. 

The concept currently being utilized for this program is 
to produce chilling by impingement of a cryogenic liquid on the 
weldnent during welding. This method appears to hold promise 
for overcoming the major disadvantages of "hard" tooling for 
chilling, and it is expected that by properly selecting the 
cryogenic liquid and setup for applying it during welding, the 
required increase in chill rate can be achieved. 
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I V .  FHCGRAM P LAN AND SCHEDULE 

The o r i g i n a l  program was d i v i d e d  i n t o  t w o  p h a s e s :  a f o u r -  
rnonth phase f o r  l i t e r a t u r e  and i n d u s t r y  s u r v e y ,  and a f o u r t e e n -  
month e x p e r i m e n t a l  phase.  The purpose  o f  t h e  f i r s t  phase w a s  
t o  d e t e r m i n e  t h e  s t a t e - o f - t h e - a r t  t o  a v o i d  d u p l i c a t i o n  of 
e f f o r t  and t o  o b t a i n  any i n f o r m a t i o n  t h a t  might  be u s e f u l  i n  
t h e  program. The second phase i n c l u d e d  a l l  o f  t h e  e x p e r i m e n t a l  
work, and was planned t c  c c n s i s t  o f  t w o  p r i n c i p a l  s t e p s .  The 
f i r s t  w a s  to e s t a b l i s h  r ea l i s t i c  the rma l  p a t t e r n s  des igned  t o  
improve t h e  weld p r o p e r t i e s .  The second s t e p  was t o  d e v i s e  and 
t e s t  v a r i o u s  rneans o f  p r o v i d i n g  t h e  t i m e - t e m p e r a t u r e  controls  
r e q u i r e d  t o  a t t a i n  rnaximum i n c r e a s e  i n  t e n s i l e  s t r e n g t h  and 
d e c r e a s e  i n  p o r o s i t y .  Welding s t u d i e s  were t c  i n c l u d e  two plate 
t h i c k n e s s e s ,  5 /16 '  and 1 / 2 " ,  i n  each  o f  two a lua inum alloys - 
2014-T6 and 2219-T87. Welding was t o  be performed i n  t h e  h o r i -  
z o n t a l  p o s i t i o n  by t h e  semi-automat ic  T I G  p r c c e s s ,  u s i n g  d i r e c t  
c u r r e n t  s t r a i g h t  p o l a r i t y ,  on s q u a r e  b u t t  j o i n t  p r e p a r a t i o n  
w i t h  2319 f i l l e r  wire,  i f  r e q u i r e d .  

T a b l e  I shows a n  o u t l i n e  o f  t h e  e x p e r i m e n t a l  prcgram, qodi- 
f i e d  from the o r i g i n a l  p l a n  t o  i n c l u d e  e v a l u a t i o n  o f  i n f r a r e d  
r a d i a t i o n  thermometers  f c r  a p p l i c a t i o n  t o  t h e  program. 

T a b l e  I1 shows t h e  program s c h e d u l e .  The f o l l o w i n g  pages 
cc ln t a in  a summary o f  work acccmpl ished  t o  d a t e ,  and d i s c u s s i o n s  
of p r e s e n t  and f u t u r e  work, 
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V. WCKK PREVICUSLY REFCRTED 

A .  Summary 

The survey of literature and industry was completed in the 
scheduled period of four months. It was determined that this 
program does not duplicate any previous work, and that the ap- 
proach of supercooling had merit. Some theoretical background 
in heat transfer applicable to welding (unsteady state with a 
moving single pcint heat source) was obtained. 

Results of preliminary experimental work on alteration of 
thermal patterns in aluminum weldrllents by application of the 
concept of cryogenic jet spray chilling have demonstrated that 
the concept is sound. Tensile strength of weld joints in 
2014-T6 plate w a s  increased from 5 to 14 percent by applica- 
tion of the concept. Zxamination of X-rays and fractures 
indicate that porosity can be reduced by a factor of two over 
unchilled welds. 

B. Literatu re and Industrial Survey 

The purpose of the survey was to obtain information which 
might be helpful in the performance of this program, by avoid- 
ing duplication of effort and/or by supplementing the original 
program concept. 

Current abstract bulletins published by the National 
Aeronautics and Space Administration (STAR)  and by the Def, arise 
Documentation Center (TAB) were checked f o r  reports of work 
pertinent to fusion welding of aluminum, and significant re- 
ports were acquired for .review. 

A similar survey was made of applicable technical books and 
periodicals, including those of the American Welding Society, 
the American Society f3T Metals and the American Institute of 
Mining and Metallurgical Engineers. Particular emphasis w a s  
devoted to issues of the Welding Journal published during the  
p a s t  ten years. 



Sixty-three reports were selected f o r  review and were 
classified under three general subject areas according to 
their principal interest to this program: (1) Time-Temperature 
Studies, ( 2 )  Heat Flow During Welding, and ( 3 )  General Welding 
Techniques. 

No reported or unreported work was gound which would indi- 
cate that any part of this program is a duplication of effort. 
A considerable amount of information was obtained which will 
facilitate the experimental portion of the program, particu- 
l a r l y  that work pertaining to heat transfer analysis and 
specific welding techniques currently in use for fabricating 
aerospace structures by welding the particular materials 
involved. 

I 

GBanizat ions Conta cted 
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Those organizations and individuals who were considered to 
be involved in work related to this program were contacted fcr 
personal interview o r  for interview by telephone. The coopera- 
tion was excellent, and in some cases special data were furn- 
ished and tours of plant facilities arranged. In general, a 
great deal of interest was expressed in this program. 

It appears that at the present time, no specific work is 
in progress to develop data in addition to that already reported 
in the literature for development of time-temperature controls 
o r  theoretical heat flow information for welding of aluminum 
alloys. 

However, in some work completed in 1965 by Frankford A r -  
senal it was deterqined that th ree  significant trends were 
noted in the microstructure which indicate the merit of the 
use of super-chilling during welding of aluminum: (1) the amount 
of microporosity was substantially lessened, (2) the width of 
the zone of grain boundary melting at the interface was reduc?d 
appreciably, and ( 3 )  a finer grained cast structure was obtained. 
All of this work was performed on 0.090'' thick 2014 and 2024 
aluminum alloys. In one set of experiments, the chill b a r s  
(both top and bottom) were cooled with brine at -45OF. In a 
second set, f o r  which data has been published r e c e n t l y ,  the 
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chill bars were cooled with liquid nitrogen. In each case, 
welding was performed after the parts to be welded reached 
a selected temperature, -30°F and -?50°F, respectively. 
Difficulty with condensation of moisture on the parts was 
overcome by enclosing the part in a flexible bag containing . 

dry argon or helium. 

A large amount of work h a s  been done and is currently in 
progress to improve t h e  quality of  weldments in aerospace COT- 
ponents fabricated fro3 aluminum. Although only a few specific 
studies have apparently been conducted on a laboratory basis 
for determining the effect of time-temperature on properties 
of weldments, a goo6 many of the process controls adopted for 
shop welding are aimd in the direction of controlling thermal 
patterns. 

C.  Exper irnental Work 

1. General 

Work. which has been previously reported consisted prin- 
c f p a l f y  of welding equipment and instrumentation setup, pre- 
liminary heat input and extraction studies, preliainary thcrnal 
pattern stu&ies, tensile testing of welds in 2r>l$-TG p l a t e ,  and 
equipment qodification. Work was initiated f c r  o b t a i n i n g  
thcraal patterns in chilled an+ unchilled welds in 2219-TE7 
plate. An evaluation of infrared radiometers for application 
to the program was perfomed, indicating that this instrumenta- 
tion would be advantageous for control of thermal history in 
weldments. 

Xxisting zquipment was moCified for welding test panels 
from one s i d e  in the horizontal pcsition by the TIC (DCSP) 
p rocess .  The basic equipment consists of a Miller Piodel 600/ 
1200 power supply, a Miller high-frequency unit, a 9erkeley- 
Davis size beam and carriage, an Airco TIS welding torch with 
a "proximity" control, an Airco wire feed system, and suitable 
brackets and attachments for mounting the cryogenic jet spray 
system and radiometers. 
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As shown in the sketch on the following page (Figure 11, 
the instrumentation for monitoring welding process variables 
and thermal patterns in the weld panels consists of Weston 
ammeter and voltmeter, an optical tachometer, a Leeds &I Northrup 
12-channel temperature recorder with thermocouples, an Airco 
helium flowmeter, an Airco filler-wire speed regulator, a 
Tektronic oscilloscope, and infrared radiation thermometers. 

Rapidly changing temperature and steep thernal gradients 
in the weld area require extremely fast and accurate continuous 
recording of temperatures. Results of preliminary experimental 
work indicate that the 12-channel Leeds and Northrup rocorder 
is not adequate, and procureaent of a continuously recording 
galvanometer-type instrurnent is conteaplated. Thermocouples d o  
not appear to be suitable for a system using continuously anni- 
tored isotherns as the basis for control in production welding 
due to the attachrnent problem. U s e  of infrared radiometers is 
contemplated as the solution to the problem. 

Standard procedures (including chemical etching and draw 
filing) for cleaning and handling t he  plate materials were 
followed. Square butt edge preparation was used for a l l  welds. 

5 .  P r e l  iminarv Iieat InDut Studies 

Welds were made in 5 / 1 6 "  and 1 / 2 "  thick 2014-Tj and in 
1 / 2 "  2213-T87, both with and without liquid C C 2  chilling. 
Atternpts were made to produce full penetration and bead contour 
with one pass and without the addition of filler wire, in an 
effort to keep the thermal history of the welds to a minimum 
and to eliminate addition of filler wire as another source of 
porosity. This was accomplished successfully f o r  1 / 2 "  thick 
2014-T6, but resulted in a slight amount of undercut on the 
face s ize  for the 5/16" thick 2014-T5 and the 1 / 2 "  thick 
2219-T87. The efforts to produce satisfactory one-pass, no- 
filler welds will be continued in future work f o r  development 
of optimum heat input .  
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Liqu id  CC2 was s e l e c t e d  f o r  t h n  p r e l i D i n a r y  experimental 
work because  of  i t s  r e l a t i v c . l y  h i g h  h 3 a t  o f  v a p o r i z a t i o n  i n  
c o p j u n c t i o n  w i t h  l o w  c o s t  and ease  of  h a n d l i n g .  The l i q u i d  CC? 
i s  s u p p l i e c '  i n  '250 l b .  containers w i t h  s u i t a b l e  o u t l e t  and 
s a f e t y  valves. Specia l  f l e x i b l e  tuF,in; and a v a r i e t y  of  n o z z l e s  
w i t h  o r i f i c e  s i z e s  f r o n  0.008'' t o  0.032" wpre o b t a i n e d  for ap- 
p l i c a t i o n  of the CC2 t o  t h 2  back s i d ~  o f  the weld as i l l u s t r a t e d  
i n  t h e  ske tch  on the  f o l l o w i n g  pagc ( F i g u r e  2 ) .  

Results of  i n i t i a l  t e s t s  inc!icated t h a t  c h i l l i n g  from 
t h e  CC82 would b e  s u f f i c i e n t  t o  s i g n i f i c a n t l y  a l t e r  th? t h c r a a l  
p a t t e r n  of t h e  weldrnent as  shown i n  the f o l l o w i n g  t a b l e .  

TAELZ I11 

Cool ing  A v a i l a b l e  for A l t e r i n g  t h e  T h e r m 1  
P a t t e r n  of  Weld P a n e l s  Chilled By Liquid C 0 2  
. - - -.-I __-__ --_-I__ 

( P r e l i m i n a r y  Da ta )  

Weid 
Panel 

1 x 1  

1 F2 

T h i  ckne s s 
( i n c h e s )  

5/16 

1 / 2  

1 / 2  

3 5 . 4  I none I 

i 44.1 1 1 6 . 7 ,  1 7 . 7  j * 9.C 
! 

I - _'_ 1 

Adhesive glass tape over non-adhes ive  g l a s s  t a p e  was selec- 
ted as t h e  back ing  rllaterial because i t  i s  readily a d a p t a b l e  f o r  
t h e  p u r p o s e .  Suksequent bead-on-p la t e  t e s t s  i n d i c a t e d  t h a t  
aluminurll f o i l  an,? copper f o i l  o r  mesh p r o v i d e d  g rea t e r  heat  
t r ~ n c f ~ r ,  azr? it i? c n n t o T p l a t e 6  t!:at f u r t h e r  tests on these 
72t:rials w-! 11 bp pprffiT-n?pr: ir, f r r t u r r  c x p e r i w n t n l  w r k .  
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Test 

Yield (psi) 

I 

Tens i 1 e Pro ggrt i e s 
Unchi lled Chilled Improveqent 

27,900 30,300 8.6% 

I 

Ultimate (psi) 42,100 
% Elongation 

in 2' '  5.0 
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45,500 8.1% 

7 . 0  40.0% 

7. Preliminary Thermal Patterns 

Yield (psi) 27,500 

2, Alongation 
in 2 ' '  5.5 

Data obtained from the preliminary heat input and ex- 
traction studies were plotted in terms of thermal patterns 
(isotherms versus distance from welding electrode position) 
and time-temperature cycles for points at various distances 
from the weld centerline. These data are shown in Appendices 
I and 11. From these curves it is apparent that chilling the 
back side of the weld significantly alters the therqal pattern. 
It is contemplated that future work will include adjustment 
of welding and chilling variables to produce even steeper 
thermal gradients and higher quench rates. 

31,500 14.5% 
47,600 5.8% 

6.0 9.1% 

8. m d  Progert 

The following table shows averages of tensile test 
results for specimens from welded panels in 5/16" and 1/2" 
2014-T6 plate. 

TABLE IV 

Comparison of Tensile Properties of Unchiled Welds 
and Welds Chilled by L i a  -uid CC7 in 30 14-T6 Plate 

(Preliminary Data) 

Specimen t- 5/16" 
Bead on 

1 /2" 
Bead on 

All tests were performed at room temperature. In order 
to evaluate the effect of chilling on tensile properties, it 
was necessary to select tests for specimens which contained 
less than 1% porosity in the fractured area so that the effect 
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of porosity would not mask the effect of metallurgical changes. 
It was further necessary to limit these specimens to comparable 
groups, which again narrowed the selection. 

it appears that there are improvements in tensile strength 
ranging from approximately 52 to 14% for welds chilled by C O 2 .  

All welds contained some degree of porosity. I’hose made 
by one penetration pass without the addition of filler wire 
contained relatively small amounts of fine scattered porosity. 

Hesults of preliminary X-ray examination and tensile test 
fracture studies indicate that chilling the back side of the 
weld with liquid 052 effects some reduction in Gross porosity. 
?or welds in 5 / 1 6 ”  2 0 1 6 - T 6  plate, the average porosity f o r  all 
specimens from the unchilled weld panel was 5%, while the aver- 
age porosity for all specimens from the chilled weld panel was 
22, indicating that chil1,ing reduced the amount of this porosity 
by a factor of more than two. 

For specimens from the 1 / 2 ”  plates, welded without the 
addition of filler, X-ray results and fracture studies indicated 
less than 12 porosity in both chilled and unchilled welds. 

Two welds made by one penetration pass and one filler 
pass contained substantial amounts of large porosity. O f  this 
group, the unchilled weld exhibited 607 more porosity than the 
chilled weld. A large amount of this porosity in the unchilled 
weld was lineal, while the porosity in t h e  chilled was essen- 
tially scattered. 

-Gross lineal porosity appears to be associated with the 
addition of filler wire. The causes for fine scattered porosity 
have not yet been determined. In both instances, the causes 
must be investigated and corrected before the effect of chil- 
ling on eliminating or reducing porosity and improving weld 
properties can be properly evaluated. 

Mhile these results cannot b e  considered conclusive, and 
indicate the need for further refinement of general welding 
techniques, there appears to be sufficient evidence of improve- 
ment to warrant further development of the current concept. 
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9. Infrared Radiometer Studies - -- 
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Studies were made to determine the applicability of infra- 
red radiometry to measurement of temperatures of the weldment 
during the welding process. A survey was made of various types 
of instruments available, and three were selected for experi- 
mental study. All contained a PbS detector with germanium 
lenses capable of small target size and focal length from 6 to 
30 ifiches or more. Two were fixed spot and the third was a 
line scanner. Results of studies indicated that infrared radi- 
ometry could be adapted to this program by making provisions 
for the varying emittance of the work piece and interference 
from the welding arc. Fixed spot radiometers are more suitable 
for the work in this program, as monitoring of the temperature 
of one or more single points for weld parameter control will he 
the major purpose for radiometer use. Precise information on 
the temperature of a single point cannot readily be obtained 
from a line scannind radiometer, while fixed point radiometers 
are ideally suited for this application and are considerably 
less expensive. It is contemplated that future work will in- 
clude the use of infrared radiometers in the instrumentation, 
with eventual application as a quality control device. 
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V I .  CLJXRENT WORK 

During the month of March 1966, the effort was directed 
toward completion of preliminary work on chilled and unchilled 
welds in 2219-T87 plate, and preparation for establishing 
optimum thermal patterns. 

Welding parameters were established for producing chilled 
welds in 1/2" 2219-T87 using jet arrangement #3, as shown in 
the following sketch and Table V. 

TABLE V 

WeldinLParameters - -___ for 2219-T87 Plate 
---- i Panel Fo. 

I 

I 2AC- 1X 

2AC- 1 

2B2-20 
ZBC- 1 

2BC- 2 

2BC3-1 
- -- 

178 12.1 

none 342 12.0 

Je t A r  r . # 1 338 11.9 

Jet Arr.#2 1 341 11.9 

112" I Jet Arr.#3 I 335 I 12.3 

7.1 ipm 

7.1 ipm 

5 . 7  ipm 

7.5 iprn 

7.5 tpm 

8.3 ipm 1 
Results of tensile tests for weld panels 2AC-1X (5/16", 

unchilled), 2AC-1 (5/16", chilled), 2B2-20 (1/2", unchilled) 
and 2BC-3-1 (1/2", chilled) are shown in Table L . 1 .  All welds 
were made in a single pass without the addition of filler wire 
to reduce the number of variables. The weld bead for the 
"bead-on" (as-welded) 5/16" unchilled specimens were undercut 
to such an extent that failure occurred in the weld metal 
rather than the heat affected zone. 
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TABLE VI 

I Bead-on * 
- 

5 / 1 6 " -  
Bead-of f 

-- - 
1/2"- 

Bead-on 

PPI- 

1 / 2"- 
Bead- off 

Comparison of Tensile Properties of Unchilled 
Welds and Welds Chilled by Liquid C02 in 

2219-T87 Plate 
(Preliminary Data) 

j-,pec imen 
I 

Te s t 1 -----T----r--.-~ Tensile Properties 
Unchilled Chilled Im rovemen - - 

Yield (psi) I 18,500 19,300 1 
Ultimate (psi) 36,000 
io Elong. in 2 "  4.0 1 4.0 0 1  

Yield (psi 
Ultimate (psi) 
% Elong. in 2" 

Yield (psi) 
- - 

Ultimate (psi) 42,000 9 . 0 2  
7: Elong. in 2" 5 0 1  

;Yield ~ Ultimate (psi) (psi) ' TiF-rq-- 36,300 38,000 4.7% I 
17 Elong. in 2' '  2 5'2, I 

---- -- I 
*Both unchilled and chilled welds contained excessive 
undercut causing failure to occur in the weld metal 
rather than the heat affected zone. 

Work was begun to minimize heat input for unchilled welds 
in 5/16" 2219-T87, resulting in parameters shown below for 
a single pass square b u t t  weld. . 

TABLE -4 I I - 
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The energy input for this weld was only 34 ,200  joules per 
in./in., which is considerably below usual inputs. Although 
this weld has a slight amount of undercut, it is expected that 
this can be overcome by further refinement of welding param- 
eters. riacro section studies and tensile tests are expected 
to be completed during the next report period. 

Jet holders and brackets have been fabricated for use in 
initial trials to chill the weld from the front (torch) side. 
A thin aluminum angle will be attached to the plate on each 
side of the tqrch, and aluminum foil will be used as a seal 
to prevent CO2 from leaking into the arc area. 
multiple jet sprays will be used on each side of the torch 
as illustrated in the following sketch. (Figure 4 )  

Single or 

Data Reduction and Fresentation -- 
I 

Time-temperature plots were prepared from each weld test. 
To supplement the thermal history provided by the 12-point L 6 S  
recorder, special thermal runs were conducted which produced 
a single trace of the entire heating and cooling history for 
a particular distance from the weld centerline. Three distances 
were evaluated: 3 /811 ,  6 / 8 "  and 1 - 1 / 4 l ' .  The techniques utilized 
for combining these curves to provide a fairly complete thermal 
profile were discussed in the last progress report. Plots are 
shown in Figures 11 thru 2 3 ,  Appendix T T .  From these curves, 
isothermal patterns and Time-Temperature curves for points 
along the weld centerline will be prepared. 

Efforts are in progress to obtain a relatively simple cor- 
relation for the welding variables. At the present time, it 
appears that no single mathematical relationship can accurately 
describe both the heating and cooling history for a point at 
a spectfic dictance frqm the centerline of the torch travel. 
Adams' paper ('Cooling Rates and Peak Temperatures in Fusion 
Welding", Welding Journal, Welding Research Supplement, pp 2 1 0 -  
215s, May 1958) concentrated primarily on peak temperature 
distribution, rather than describing the complete thermal cycle. 
However, preliminary calculations of cooling rates, based on 
his equation ( 2 )  were performed and a fair correlation appears 
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t o  e x i s t ,  p a r t i c u l a r l y  i n  t h e  s h a p e  of  t h e  c u r v e ,  f o r  p e r i o d s  
up t o  20 seconds  ( t o  t e m p e r a t u r e s  below 500°F). U n f o r t u n a t e l y ,  
t h e s e  e q u a t i o n s  i n c l u d e  a n  e f f i c i e n c y  f a c t o r ,  which canno t  be 
r e a d i l y  computed, w i t h o u t  a d d i t i o n a l  work. O t h e r  a s sumpt ions  
which broaden t h e  b a s e  f o r  i n a c c u r a c i e s  a r e  t h e  l a c k  o f  s p e c i f i c  
d a t a  a t  e l e v a t e d  t e m p e r a t u r e s  f o r  t h e  thermal  d i f f u s i v i t y  o f  
t h e  a l l o y s  ( a  f u n c t i o n  o f  s p e c i f i c  h e a t ,  t he rma l  c o n d u c t i v i t y  
and d e n s i t y ) .  L t  i s  assumed t h a t  t h e  d i f f u s i v i t y  does  not v a r y  
w i t h  t e m p e r a t u r e .  T h i s  a p p e a r s  t o  be a n o t h e r  a r e a  which shou ld  
be c l a r i f i e d  i n  o r d e r  t o  more a d e q u a t e l y  d e f i n e  and c o n t r o l  t h e  
w e l d i n g  p r o c e s s .  
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A .  Summary - 

The major effqrt during the balance gf the experimental 
portion of  the program will be directed toward establishing 
optimum parameters 3f heat input and heat extraction to ob- 
tain time-temperature relationships for each material and 
each plate thickness to produce the maxirtlum increase in ten- 
sile strength and reduction o f  porosity. fieat input factors 
will be modified to produce welds of acceptable physical 
dimensions with a goal of 40,000 joules/in./in. or less for 
unchilled welds. Ileat extraction factors for chilled welds 
will be adjusted to produce a chill rate of as near as possible 
to 100°F/sec. in the range of 75OoF to 500°F for any portion 
a f  the weldment, and to reduce the total time at temperature 
above 5@0°F to 10 seconds or less. It is expected that when 
optimum time-temperature parameters are established, the ten- 
sile strength of chilled welds will exceed t h e  strength of 
unchilled welds up to 20%. and that grQss porosity will tie 
reduced by at least one-half. 

If adequate support is available, work will be initiated 
to perform the chilling rnperation from the front side and tq 

monitor and control thermal patterns d u r i n g  the weldin2 oper- 
ation by means of infrared radiometers. 

The followins table shows the approximate number of samples 
to be welded and the tests tq be conducted. This table repre- 
sents a program designed in accordance with support expected 
to b e  immediately available, and should result in data of  
reasonable reliability which will indicate t h e  feasibility qf 
developing the concept for eventual process control for weld- 
ing aerospace vehicles. r!icrohardness, micrQscopic analysis 
and detailed radiometer studies have been omitted. Techniques 
for chilling from the front side of the weld will be investi- 
g a t e d  in a preliminary manner, and if successis immediately 
indirated, this method will be used in lieu of chilling from 
the  back s i d e  for generation of d a t a  on optimum thermal p a t t e i n s .  
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For a higher degree of reliability of data and more detailed 
studies of improved methods of producing, monitoring and con- 
trolling thermal patterns for process specification develop- 
ment, experimental work and testing in addition to that shown 
in Table V I 1  will be performed if adequate support is available. 

B. The following paragraphs contain discussions of each major 
portion of the experimental work. 

1. Heat Input 

Welds will be made in each thickness of each material 
using minimal heat input kpproximately 40,000 joules/in./in.) 
which will produce welds of acceptable penetration and bead 
contour. Efforts will be directed toward producing these 
welds in one pass without the addition of filler metal. In 
the event that it is not possible to produce a full bead con- 
tour without filler wire, additiQna1 welds will be made using 
a minimum amount of 2319 filler. Full bead contour is neces- 
sary so that failure in the heat affected zone will occur, to 
determine the strength of this area .  A second set of speci- 
mens will be tested with the bead machined flush on both sides 
so that the strength of thq cast structure or the weakest 
area of the weld can be determined. 

Two 12" x 48" panels will be welded and tested for each 
material and thickness as shown in Table VII, with the objec- 
tive of obtaining unchilled welds with optimum properties. 
Additional bead on plate welds will be made as required to 
obtain approximate parameters. 

2 .  Heat Extraction 

Optimum heat extraction studies will be conducted for 
welds in each material and each thickness to obtain maximum 
improvement in tensile strength and reduction in porosity over 
unchilled welds. Parameters developed in the preliminary 
studies will be modified by adjusting and supplementing current 
equipment and techniques including varying the number, size 
and location of jets, weld backing materials, and if necessary, 
use of cryogenic liquids other than liquid CO2. 
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Two 12"  x 48" panels will also be welded and tested for 
this portion of the work, in addition to bead-on plate welds 
to obtain approximate parameters. 

3.  Optimum - Thermal Patterns 

Data obtained from development of optimum heat input and 
extraction will be reduced to the proper form for plotting 
time-temperature cycle curves for critical locations on the 
weldment, and isothermal patterns will be drawn for each un- 
chilled and chilled weldment which demonstrate maximum tensile 
strength and reduction in porosity. From these isotherms, 
four points will be selected on the face of the weldment for 
each material and each thickness. Monitoring the surface tem- 
perature of all or some of these points will be used as the 
basis for development of a feed back control system utilizing 
infrared radiometers, if sufficient support is available. 

4 .  Chilling from Front Side of Weld 

As it may be impractical in some cases to chill the back 
side of a production weldment by means of liquid cryogenic 
spray systems, initial work will be started to determine the 
merits of chilling from the front (torch side) using the 
arrangement shown in Figure 4 ,  Section VI, or some similar 
arrangement. 
increased cooling rates and steeper thermal gradients by this 
method. Anticipated problem areas include solidification di- 
rection and interference with the welding operation. However, 
it is expected that these problems can be overcome by optimum 
equipment design and jet arrangements, together with the use 
of liquid argon or helium, if necessary. 

It is expected that it will be possible to effect 

5 .  Infrared Monitoring 

It appears to be impractical to monitor thermal patterns 
in production weldments by means of thermocouples due to the 
difficulty in making adequate contact with the part in critical 
locations. As infrared radiometers are capable of measuring 
temperatures with reasonable accuracy without contact, an 
i n i t i a l  investigation is contemplated for the application of 
this method to time-temperature control during welding, If 
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adequate support is available. Four radiometers will be 
mounted on the weld carriage and focused on critical points 
on the front side of the weld. Two will lead the torch (one 
on each half of the part to be welded) to monitor effective 
weld€ng  heat and two will follow the torch to monitor effective 
chilling. A fifth radiometer will be mounted on the carriage 
and focused in such a manner as to monitor weld penetration. 
While it may not be practical to use a radiometer on the back 
side of a production weldment, it will provide valuable assis- 
tance in correlating proper heat balance in the weldment with 
the radiometers mounted on the front side. It is expected 
that such a system could be developed for automatically con- 
trolling thermal patterns in weldments. 

Problems anticipated include variations in surface emLt- 
tance of the work piece and interference from emissions from 
the welding arc. Possible solutions to these problems include 
use of a surface coating to provide a uniform emittance and 
use of shields or proper location of the control point on 
which the radiometer will be focused. 
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VIII. PROBLEMS ENCOUNTERED - 

I 

t 

Weld quality and thermal patterns are extremely sensitive 
to small variations in welding techniques, heat input, and 
heat extraction, making complete and precise monitoring of 
all pertinent variables mandatory for quantitative assessment 
of the improvement in weld properties effected by cryogenic 
chilling. Temperature changes in the weldment are extremely 
rapid and thermal gradients in a small area are extraordi- 
narily large, making accurate, instantaneous and continuous 
recording of temperature at multiple points in the weldment 
a necessity for precise determination of thermal patterns. 

To meet these demands for monitoring welding parameters 
and temperature recording, a precision multiple channel 
recorder is required. Unless such a recorder is made avail- 
able for use on this program, it will be necessary to extrapo- 
late and interpolate critical data in such a manner that large 
errors could result. 

Use of thermocouples for monitoring temperatures of a weld- 
ment for the purpose of controlling thermal patterns is not 
normally practical for production weldments. Preliminary in- 
vestigations indicate that infrared radiometers would be 
suitable for this purpose a s  they do not require contact with 
the pdrt being welded. If this study is to be continued so 
that a feed-back system for control of thermal patterns can be 
developed, approximately five radiometers will be required 
with sufficient man-hour allowance for future work to adapt 
their use to this program. In addition, a man-hour allowance 
will be required to compensate for hours already expended on 
the preliminary radiometer study, if the experimental work 
on the original program is to be completed. 

Plate material stocks are now marginal, and in the event 
that unexpected difficulties are encountered in establishing 
optimum thermal patterns and/or if the work is extended to 
cover detailed development of front side cooling and an infra- 
red control system, additional materials will be required. 
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APPENDIX I 

I s o t h e r m a l  P a t t e r n s  a n d  
T i m e  - T e m p e r a t u r e  C u r v e s  

f o r  P o i n t s  a l o n g  V e l d  
C e n t e r 1  i n e  

F i g u r e  5 - 1 / 2 "  2 0 1 4 - T 6  Weld, U n c h i l l e d  T h e r m a l  
P a t t e r n ,  P r e l i m i n a r y  

F i g u r e  6 - 1 / 2 t t  2 0 1 4 - T 6  W e l d ,  C h i l l e d  T h e r m a l  P a t t e r n ,  
P r e l i m i n a r y  

F i g u r e  7 - E f f e c t  of  L i q u i d  CO2 C h i l l i n g  on T i m e -  
T e m p e r a t u r e  C u r v e s  D u r i n g  W e l d i n g  of  
1/2" 2 0 1 4 - T 6  Aluminum P l a t e  

F i g u r e  8 - 5/16"  2 0 1 4 - T 6  V e l d ,  U n c h i l l e d  T h e r m a l  
P a t t e r n ,  P r e l i m i n a r y  

F i g u r e  9 - 5 / 1 6 "  2 0 1 4 - T 6  V e l d ,  C h i l l e d  T h e r m a l  P a t t e r n ,  
P r e l i m i n a r y  

F i g u r e  10- E f f e c t  o f  L i q u i d  C02 C h i l l i n g  o n  T i m e -  
T e m p e r a t u r e  C u r v e s  D u r i n g  W e l d i n g  o f  
5/16!' 2 0 1 4 - T 6  Aluminum P l a t e  
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APPENDIX I1 

Time-Temperature Curves 
(Current Work) 

Figure 11 - Cog Chilled v s  UnchLlled (5/16" 2219-T87) 

Figure 12 - Temperature vs Adjusted TLme (5/16l' 2219-T87) 
3/8" from Weld Centerline - Cooled 

Figure 13 - Temperature vs Adjusted Time (5/16" 2219-T87) 
6/8" from Weld Centerline - Chilled 

Figure 14 - Temperature vs Adjusted TLme (5/16" 2219-T87) 
1-1/4" from Weld Centerline - Chilled 

Figure 15 - Adjusted Time-Temperature (5/16" 2219-T87) 
Fusion Weld, 3/8" from Weld Centerline, Uncooled 

Figure 16 - Adjusted Time-Temperature Data - No Cooling 
(5/16" 2219-T87), 678" from Weld CenterlLne 

Figure 17 - Adjusted Time-Temperature Data (5/16" 2219-T87) 
1-1/4" from Centerline of Weld 

Figure 18 - Time-Temperature Data - Cooled (l/2" 2219-T87) 
3/8" from Weld Centerline 

Figure 19 - -Time-Temperature Data - Cooled (1/2" 2219-T87) 
6/8" from Weld Centerline 

Figure 20 - Time-Temperature Data - Cooled (1/2" 2219-T87) 
1- 1/4" from Weld Centerline 

Figure 21 - Adjusted Time-Temperature Data - Cooled (1/2" 
2219-T87), FusLon Weld, 3/8" from Weld Centerline 

Figure 22 - Adjusted Time-Temperature Data - Cooled 
( I / Z ' l  2219-T87), 6/8" from Weld Centerline 

Figure 23 - Adjusted Time-Temperature Data - Cooled 
(1/2" 2219-T87), 1-1/4" from Weld CenterlLne 
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